Introduction
============

Although the incidence of gastrointestinal cancer is lower than that of other cancers, it is the second leading cause of cancer-related deaths worldwide ([@b1-or-39-06-2595]). Gastric cancer begins in the inner lining of cells, causing abnormal hyperplasia that leads to ulceration, inflammation and ultimately tumour formation ([@b2-or-39-06-2595]). More than 50% of distal gastric cancer patients can be cured, however, early diagnosis accounts for only 10--20% of all cases ([@b3-or-39-06-2595]). The mortality rate of gastric cancer has declined significantly with the latest advances in diagnosis and treatment. However, most patients are diagnosed at an advanced stage, which is difficult to cure ([@b4-or-39-06-2595]). For patients with node-positive (T1 N1) and muscle-invasive (T2 N0) disease, radiotherapy and chemotherapy maybe the most effective treatment measures. However, patients receiving radiotherapy and chemotherapy may have problems with chemoresistance and toxic side-effects. Thus, further studies are needed in order to develop new treatment strategies.

Increasingly, researchers are focusing on naturally occurring compounds from dietary sources ([@b5-or-39-06-2595]). Cucurbitacins, which are found in plants from the Cucurbitaceae family, are tetracyclic triterpenes. Cucurbitacins exhibit moderate to high toxicity, but they contain structural properties that may aid in future chemotherapy modalities. These properties make them potential antitumour agents ([@b5-or-39-06-2595],[@b6-or-39-06-2595]). Cucurbitacin D (CuD; [Fig. 1](#f1-or-39-06-2595){ref-type="fig"}) is a member of the Cucurbitaceae family. Studies have reported the anticancer activity of CuD in various cancer models ([@b5-or-39-06-2595],[@b7-or-39-06-2595],[@b8-or-39-06-2595]). CuD has been reported to inhibit the growth of cervical cancer cells ([@b5-or-39-06-2595]) and doxorubicin-resistant human breast carcinoma cells ([@b8-or-39-06-2595]). In addition, CuD has been found to suppress the heat shock protein 90 (HSP90) chaperone machinery ([@b9-or-39-06-2595]). These data indicated that CuD potentially affects gastric cancer. The aim of the present study was to investigate the *in vitro* and *in vivo* effects of CuD on gastric cancer growth and apoptosis.

The progression of gastric cancer occurs through various oncogenic pathways such as the nuclear factor-κB, phospho inositide 3-kinase/protein kinase B (PI3K/Akt) and Wnt/β-catenin pathways ([@b10-or-39-06-2595]). Among these, the PI3K/Akt pathway is an important signalling pathway that regulates cell survival, growth, metabolism and chemotherapy resistance ([@b11-or-39-06-2595]). Gastric cancer is characterized by a high rate of somatic cell turnover via the PI3K/Akt pathway, which indicates that PI3K/Akt may be an effective therapeutic target ([@b12-or-39-06-2595]). In the present study, we observed that CuD effectively triggered gastric cancer cell apoptosis by inhibiting Akt and activating the inducible nitric oxide synthase (iNOS) pathway.

Materials and methods
=====================

### Cells and drugs

AGS, SNU1 and Hs746T cell lines were purchased from Corbioer Company (Nanjing, China). Shanghai Winherb Medical S&T Development Co. Ltd. (Shanghai, China) provided purified CuD. All the primary antibodies including those for iNOS (diluted at 1:1,000; cat. no. 13120), Bax (diluted at 1:1,000; cat. no. 2722), B-cell lymphoma 2 (Bcl-2; cat. no. 2870), C-caspase-9 (diluted at 1:1,000; cat. no. 9509P), cytochrome *c* (diluted at 1:1,000; cat. no. 4272), phosphorylated and total Akt (diluted at 1:1,000; cat. no. 4060/4691), mechanistic target of rapamycin (mTOR, cat. no. 2971/2983), sr6 (diluted at 1:1,000; cat. no. 9204/2708) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; diluted at 1:1,000; cat. no. 5174) were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). The Akt activator SC79 was obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany.) The iNOS inhibitor L-canavanine was purchased from MedChemExpress (Monmouth Junction, NJ, USA).

### Cell proliferation assay

Cell proliferation and viability were assessed by Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology, Haimen, China). Cells were seeded into a 96-well plate. After the cells were treated with CuD, CCK-8 solution (10 µl) was added to each well. After 4 h of incubation, an enzyme-linked immunosorbent assay (ELISA) (Synergy HT; BioTek Instruments, Inc., Winooski, VT, USA) was used to the determine absorbance at 450 nm.

### TUNEL staining

Apoptosis was detected by a terminal deoxynucleotidyl transferase 2′-deoxyuridine-5′-triphosphate nick-end labelling (TUNEL) assay (ApopTag Plus Fluorescein *In Situ* Apoptosis Detection kit; Millipore, Darmstadt, Germany). After washing with phosphate-buffered saline (PBS; Gibco, Grand Island, NY, USA), the cells were fixed with 1% paraformaldehyde in PBS. TUNEL reagents (EMD Millipore, Billerica, MA, USA) were used to stain the apoptotic cells and 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen; Life Technologies Carlsbad, CA, USA) was used to stain the DNA. A microscope (Olympus BX51TRF; Olympus Corp., Tokyo, Japan) was used to analyse and count positive cells.

### ROS generation

Reactive oxygen species (ROS) were detected with a ROS Assay kit (Cell Biolabs, Inc., San Diego, CA, USA). A cell-permeable fluorogenic probe 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA) was used to label ROS. A fluorometric plate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to quantify fluorescence at 480/530 nm.

### ATP level

The levels of ATP were detected by an ATP assay kit (S0026; Beyotime Institute of Biotechnology). After the cells were treated with CuD, cells lysates were collected and incubated with ATP detection solution (100 µl). A fluorometric plate reader was used to determine the levels of ATP. Standard curve method was used to calculate the ATP concentration in each group.

### Intracellular Ca^2+^ level

The level of intracellular Ca^2+^ was assessed using Fluo-3/AM (S1056; Beyotime Institute of Biotechnology). After treatment, D-Hanks balanced salt solution (D-HBBS; Jinuo Co., Ltd., Shanghai, China) (without Ca^2+^, Mg^2+^ and phenol red) was used to wash cells. Then, cells were incubated with Fluo-3/AM (5 µM) for 60 min at 37°C. After being washed in D-HBBS for 30 min, a microplate reader was used to determine the fluorescent absorbance value, with representative intracellular Ca^2+^ levels.

### Nitric oxide (NO) production

NO production was detected using Griess method kit (S0021; Beyotime Institute of Biotechnology) according to the instructions of the NO assay kit.

### Western blot analysis

Cell lysates were collected using RIPA lysis buffer. Total protein (50 µg) was used for SDS-PAGE. After being transferred into immobilon-FL transfer membranes (IPFL00010; Millipore, Billerica, MA, USA), proteins were incubated with the primary antibody overnight at 4°C, followed by incubation with secondary antibodies for 1 h. A two-coloured infrared imaging system (Odyssey; LI-COR Biosciences, Lincoln, NE, USA) was used to scan. GAPDH protein was used as the reference protein.

### Xenograft tumour model

All animal experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications no. 8023, revised 1978). All animal experiments were approved by the Committee on the Use of Live Animals of The First Affiliated Hospital of Zhengzhou University. Male BALB/c-nu/nu nude mice (6--8 weeks) were purchased from the Beijing HFK Bioscience and housed in specific pathogen-free conditions under approved institutional animal care and use protocols. Mice received injection of 1×10^6^ AGS cell suspension. After reaching \~200 mm^3^ tumour volume, the mice were treated with CuD (intraperitoneal injection, 1 mg/kg, once daily), SC79 (intraperitoneal injection, 20 mg/kg, once daily) or combination of CuD with SC79 for 20 days. The tumor size was measured by vernier caliper measurement of the tumor size and the short diameter. Tumour volumes were calculated using the following formula: Length × width^2^ × 0.5236.

### Statistical analysis

We used the SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) for statistical analysis. All data were expressed as the mean ± standard deviation. The difference among groups was assessed by analysis of variance (ANOVA). The difference between groups was assessed by Student\'s t-test. We considered P\<0.05 to indicate a statistically significant difference.

Results
=======

### Effects of CuD on gastric cancer cell proliferation

Under normal conditions, human gastric cancer cell lines (AGS, SNU1 and Hs746T) have a fast growth rate. In the present study, cancer cell proliferation was inhibited in a dose- and time-dependent manner when the cells were incubated with CuD (0.25, 0.5, 1, 1.5 and 2 µM) for 12, 24, 48 and 72 h ([Fig. 2](#f2-or-39-06-2595){ref-type="fig"}). The anti-growth effect of CuD was more significant in the AGS cell line, indicating that the AGS cell line was more sensitive to CuD.

### CuD increases ROS generation in gastric cancer cells

Increasing the generation of ROS is an effective antitumour property of the cucurbitacin family. We detected ROS generation after cells were treated with CuD (0.5, 1 and 2 µM) for 24 h. We found that CuD increased the ROS levels of gastric cancer cell lines in a dose-dependent manner ([Fig. 3](#f3-or-39-06-2595){ref-type="fig"}).

### Effects of CuD on gastric cancer cell apoptosis

Subsequently, TUNEL staining was used to determine the effect of CuD on gastric cancer cell apoptosis. After incubation with CuD (0.5, 1 and 2 µM) for 24 h, the gastric cancer cells had a high ratio of apoptosis-positive to apoptosis-negative cells, which was dose-dependent ([Fig. 4](#f4-or-39-06-2595){ref-type="fig"}).

### CuD increases intracellular Ca^2+^, ATP and NO concentration

Increased Ca^2+^ fluxion and generation of ATP are closely related to cell apoptosis. In the present study, intracellular Ca^2+^ and ATP generation were assessed by their fluorescence absorbance values. Our results revealed that incubation of AGS cells with CuD (0.5, 1, 1.5 and 2 µM) for 12, 24, 48 and 72 h increased the levels of intracellular Ca^2+^ ([Fig. 5A](#f5-or-39-06-2595){ref-type="fig"}) and ATP ([Fig. 5B](#f5-or-39-06-2595){ref-type="fig"}) in a dose- and time-dependent manner. Intracellular nitric oxide (NO) production in the culture media was assessed as nitrite concentration. We observed that incubation of AGS cells with CuD (0.5, 1, 1.5 and 2 µM) for 12, 24, 48 and 72 h markedly increased NO production both in a dose- and time-dependent manner ([Fig. 5C and D](#f5-or-39-06-2595){ref-type="fig"}).

### CuD triggers the activation of the mitochondrial pathway in gastric cancer cell lines

NO production is triggered by NO synthase (NOS). Apoptosis is triggered by intrinsic and extrinsic apoptotic pathways. Therefore, we evaluated the expression of iNOS and the mitochondrial pathway in AGS cells after treatment with CuD (0.5, 1 and 2 µM) for 24 h. Our results revealed that CuD increased the expression level of iNOS, which triggered the generation of NO. CuD also increased Bax levels and reduced the expression of Bcl-2, triggering the activation of caspase-9, as well as the release of cytochrome *c* in AGS cells ([Fig. 6](#f6-or-39-06-2595){ref-type="fig"}).

### CuD inhibits Akt-mediated signalling pathway

The Akt pathway is involved in many processes associated with the poor prognosis of cancer, such as pro-survival, anti-apoptosis, metastases and chemotherapy resistance ([@b11-or-39-06-2595]). CuD has been reported to inhibit Akt in schwannoma and meningioma cells ([@b13-or-39-06-2595]). We found that incubation of AGS cells with CuD (0.5, 1 and 2 µM) for 24 h significantly reduced the levels of phosphorylated Akt, mTOR (a downstream protein of the Akt pathway) and ribosomal S6 protein (rS6) ([Fig. 7](#f7-or-39-06-2595){ref-type="fig"}). These data indicated that CuD targeted the Akt signalling pathway in gastric cancer cells.

### CuD targets Akt and iNOS

To confirm that the effects of CuD were dependent on Akt and iNOS, AGS cells were treated with SC79 (4 µg/ml) or L-canavanine (1 mM) and CuD (2 µM) for 24 h. We observed that both SC79 and L-canavanine reversed the antiproliferative and pro-apoptotic effects of CuD in AGS cells ([Fig. 8](#f8-or-39-06-2595){ref-type="fig"}). This indicated that CuD targeted Akt and iNOS.

### Effects of CuD on gastric cancer in a xenograft mouse model

The effects of CuD on gastric cancer were confirmed by an *in vivo* xenograft-mouse model. After tumours became palpable, the mice were treated with either CuD and/or SC79 for 20 days. We found that CuD induced tumour cell apoptosis and arrested tumour growth *in vivo*. In contrast, SC79 inhibited tumour cell apoptosis and augmented tumour growth. In addition, SC79 reversed the anti-growth effect of CuD ([Fig. 9](#f9-or-39-06-2595){ref-type="fig"}).

Discussion
==========

Gastric cancer, one of most common malignant tumours and the second leading cause of cancer-related deaths worldwide, is the fourth most common cancer worldwide ([@b14-or-39-06-2595]). Although the incidence of gastric cancer varies greatly among countries, in developing countries the incidence of gastric cancer is \>70% ([@b3-or-39-06-2595]). The efficacy of chemotherapy in the treatment of local and metastatic gastric cancer is limited by chemoresistance, which results in treatment failure. Complementary and alternative medicine can be used to overcome these limitations. Plant derived natural products have attracted widespread attention because they are less toxic ([@b15-or-39-06-2595]). In the present study, we found that cucurbitacin D (CuD) induced apoptosis and subsequently inhibited the growth of gastric cancer cells, making it a potential therapeutic agent for the treatment of gastric cancer.

Oxidative stress, characterized by the imbalance of ROS and anti-oxidants, has been implicated in the pathogenesis of several diseases ([@b16-or-39-06-2595]). At lower concentrations, ROS are important signalling molecules involved in cellular proliferation, migration and apoptosis. At higher concentrations, most ROS are harmful to cells due to the accumulation of irreversible damage to proteins, lipids and most importantly, to DNA, leading to mutations and cell death ([@b17-or-39-06-2595]). Our functional experiment revealed that CuD significantly promoted ROS generation in gastric cancer cells.

Increased proliferation, diminished differentiation and reduced apoptosis are the features of tumour cells. Therefore, the most effective target in cancer therapy is promotion of apoptosis ([@b18-or-39-06-2595]). The pro-apoptotic property of cucurbitacins makes them a potential antitumour agent ([@b8-or-39-06-2595],[@b15-or-39-06-2595],[@b19-or-39-06-2595]). In addition, CuD reportedly induced cell apoptosis in human T cell leukaemia ([@b7-or-39-06-2595]), breast carcinoma ([@b8-or-39-06-2595]), human endometrial and ovarian cancer cells ([@b20-or-39-06-2595]) and cervical cancer ([@b5-or-39-06-2595]). Our results indicated that CuD induced apoptosis in AGS, SNU1 and Hs746T gastric cancer cells. Mitochondrial membrane permeabilization (MMP) is closely associated with cancer cell death. Mitochondrial Ca^2+^ overload drives ROS generation, triggering MMP and release of pro-apoptotic factors, leading to cell apoptosis and death ([@b21-or-39-06-2595]). Furthermore, high concentrations of NO derived from iNOS inhibit the expression of Bcl-2, activate caspase and subsequently promote the release of cytochrome *c*, leading to cell death ([@b22-or-39-06-2595]). In the present study, CuD raised MMP levels and increased iNOS expression and NO levels, which triggered modulation of Bcl-2 proteins and cleavage of caspase-9 and promoted cytochrome *c* release from the mitochondria. Various oncogenic pathways participate in the progression of gastric cancers such as, nuclear factor-κB, PI3K/Akt and Wnt/β-catenin ([@b18-or-39-06-2595]). Among these, Akt regulates cell survival, growth, metabolism and chemotherapy resistance ([@b11-or-39-06-2595]). Furthermore, Akt regulates cell survival by targeting multiple downstream proteins. One downstream protein is mTOR, which can be activated through mTOR complex 1 (mTORC1). After activation, mTOR induces activity of ribosomal protein S6 kinase β-1 (S6K1), which promotes cell proliferation ([@b11-or-39-06-2595],[@b23-or-39-06-2595]). Alteration of the Akt/mTOR pathway is the second most common cause of cancer in humans. Immunohistochemistry staining has shown that 74% of gastric cancers have high Akt expression, but genomic sequencing has demonstrated that 1--3% of gastric cancers have high Akt expression ([@b11-or-39-06-2595],[@b24-or-39-06-2595]). In the present study, CuD effectively inhibited Akt signalling in gastric cancer cells. Our *in vivo* study consistently demonstrated that CuD exerted anti-growth effects in the *in vivo* xenograft tumour model, however, those anti-growth effects could be reversed by an Akt activator.

In the present study, the caspase-9 activity was assessed by the ratio of cleaved caspase-9 to GAPDH, not the ratio of cleaved caspase-9 to total caspase-9. This may cause some inaccuracy. Secondly, whether CuD affected equally Akt and iNOS signalling was not clear. In addition, whether Akt and iNOS signalling are the only target of CuD anti-gastric cancer effects remain unknown. Future studies including a rescue assay to demonstrate that CuD induces apoptosis via inhibition of Akt and activation of the iNOS pathway are needed.

In conclusion, CuD inhibited gastric cancer *in vitro* and *in vivo* by inducing iNOS/NO signalling and suppressing the Akt pathway.
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![Chemical structure of cucurbitacin D (CuD) in gastric cancer cell lines.](OR-39-06-2595-g00){#f1-or-39-06-2595}

![Cucurbitacin D (CuD) effectively inhibits proliferation in gastric cancer cell lines. The effect of CuD (0.25, 0.5, 1, 1.5 and 2 µM) on cell proliferation in different gastric cancer cell lines: (A) AGS, (B) SNU1 and (C) Hs746T cell line. \*P\<0.05, compared to the control (0 µM) group.](OR-39-06-2595-g01){#f2-or-39-06-2595}

![Cucurbitacin D (CuD) effectively increases ROS generation. CuD (0.5, 1 and 2 µM) induction of reactive oxygen species (ROS) generation in human gastric cancer cell lines as assessed by DCFH-DA. (A) Representative image, (B) representative quantitative result; \*P\<0.05 compared to the control group.](OR-39-06-2595-g02){#f3-or-39-06-2595}

![Effect of cucurbitacin D (CuD) on gastric cancer cell apoptosis. TUNEL staining for the assessment of apoptosis in human gastric cancer cell lines after treatment with CuD (0.5, 1 and 2 µM). (A) Representative image, (B) representative quantitative result; \*P\<0.05 compared with the control group.](OR-39-06-2595-g03){#f4-or-39-06-2595}

![Cucurbitacin D (CuD) increases intracellular Ca^2+^, ATP and nitric oxide (NO) production. (A and B) Levels of intracellular Ca^2+^ and ATP in CuD-treated AGS cells. Statistical variation of dose-dependent (0.5, 1, 1.5 and 2 µM) and time-dependent (12, 24, 48 and 72 h) generation of (A) intracellular Ca^2+^ and (B) ATP. (C and D) Level of intracellular NO in CuD-treated AGS cells. The statistical results of (C) dose-dependent (0.5, 1, 1.5 and 2 µM) and (D) time-dependent (12, 24, 48 and 72 h) inhibition of NO; \*P\<0.05 compared to the control group.](OR-39-06-2595-g04){#f5-or-39-06-2595}

![Cucurbitacin D (CuD) activates the mitochondrial pathway. (A) Western blot analysis of the expression of iNOS and mitochondrial pathway-associated proteins including Bax, Bcl-2, C-Caspase-9 and cytochrome *c* in AGS gastric cancer cells after treatment with CuD (0.5, 1 and 2 µM) for 24 h. (B) The expression levels of the above-mentioned proteins in a bar graph. \*P\<0.05 compared with the control group.](OR-39-06-2595-g05){#f6-or-39-06-2595}

![Cucurbitacin D (CuD) inhibits Akt mediated pathway in gastric cancer. (A and B) The expression of phosphorylated and total Akt, mTOR, rs6 in AGS gastric cancer cells after treatment with CuD (0.5, 1 and 2 µM) for 24 h. \*P\<0.05 compared to the control group.](OR-39-06-2595-g06){#f7-or-39-06-2595}

![Akt and iNOS are the target of cucurbitacin D (CuD). (A) The effect of CuD (2 µM), SC79 (4 µg/ml), L-canavanine (1 mM) on cell proliferation in the AGS cell line. (B and C) The effect of CuD (2 µM), SC79 (4 µg/ml), and L-canavanine (1 mM) on cell apoptosis in the AGS cell line. \*P\<0.05 compared to control group; ^\#^P\<0.05 compared to CuD group.](OR-39-06-2595-g07){#f8-or-39-06-2595}

![Cucurbitacin D (CuD) exerts anti-growth effect in an *in vivo* gastric cancer xenograft mouse model. (A and B) The effect of CuD (2 µM) and/or SC79 (4 µg/ml) on cell apoptosis in gastric cancer xenografts (Tunel stain analysis). (C and D) The effect of CuD (2 µM) and/or SC79 (4 µg/ml) on tumour growth in gastric cancer xenografts. \*P\<0.05 compared to the control group; ^\#^P\<0.05 compared to the CuD group.](OR-39-06-2595-g08){#f9-or-39-06-2595}
